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THERMODYNAMIC PROPERTIES OF HEDENBERGITE, A COMPLEX SILICATE
OF Ca, Fe, Mn, AND Mg

By K. O, Bennington, ' Re P« Beyer, 2 and R. R, Brown'

ABSTRACT
The thermodynamic properties of hedenbergite, of composition

[(Cag_9516) (Mg, o0583Fe®ty 7134Fe3¥y go3uMng 1366)(S1206)1,

were experimentally determined at the Bureau of Mines. The standard enthalpy of for-
mation determined by hydrofluoric acid solution calorimetry is

bHf39g = —680.96%0.855 kcal/mol.
The standard enthalpy of formation from the oxides is
AHjgg = -24.55%0.485 kcal/mol.

Low~temperature heat capacltles were determined by adiabatic calorimetry from
12.3 to 300.1 XK. The derived standard entropy is

S5gg = 41.218%0.148 cal/mol°-K.

High-temperature heat capacitlies were measured with a differential scanning calorim~
eter from 397 to 1,147 K.

Thegse experimentally determined data were combined with data from the literature
to calculate the Gibbs energies of formation and equilibrium constants of formation
over the temperature range of measurements. Standard enthalples of formation are
given as a function of temperature. The standard Gibbs energy of formation at
298.15 K is

AGf3g9g = ~641.90£0.86 kcal/mol.
INTRODUCTION

This dinvestigation of the thermodynamic properties of hedenbergite is one of a
series being performed at the Bureau of Mines on slag-type pyroxenes, which include

lRegsearch chemist.
2Chemical engineer.



the palr acmite [(NaFe3+)(SiZOB)] and the nearly identical mineral aegirine. These
pyroxene minerals readily assimilate manganese; consequently, this study contributes
toward both the future investigation of some manganese minerals and the understanding
of slag action in steelmaking.

MATERIALS
Acilds

The acids were reagent—grade products that were used without treatment except
for dilution with distilled water to the proper strength.

Silica

The silica (Si0y) used was from an exceedingly clear and pure, single, natural,
quartz crystal. The crystal was sawed, crushed, ground to pass a 400-mesh screen,
and elutriated in distilled water. The size fraction ranging between 10 and 20 Um
was retained for the heat of solution measurements. This fraction was repeatedly
leached with dilute hydrochloric acid until the solution remained clear; it was then
digested with hydrogen peroxide and dried. Each sample was heated through the alpha-
beta transition immediately before solution measurements were made. No impurities
were detected spectrographically, and the eray diffraction pattern matched the pat-
tern listed on the powder diffraction file (9) (PDF), card 5-490 for alpha—quartz.

Manganous Oxide

Reagent-grade Mn0O, was slowly heated in a stream of hydrogen until a temperature
of 850° C was reached. It was held at this temperature for several hours, then it
was blended, sampled, and analyzed, after which the process was repeated. TFinal X~
ray analysis showed the product to be only face~centered cubic manganous oxide (¥MnO),
and the pattern matched that given on PDF card 7-230. No corrections were made for
spectrographically detected impurities; the maximum total for Mg and Si is ~100 ppm,

and the maximum total for Al, Ca, and Fe ~400 ppm.

Ferric Oxide

The ferric oxide (Fe,03) was a high-purity product that was used without altera-
tion except to dry to constant weight. Only 9-Fe,03 was detected by X-ray analysis,
and the pattern matched that given on PDF card 13-~534. No corrections were made for
the spectrographically detected amounts (~400 ppm) of manganese and silicon.

Ferrous Sulfate Heptahydrate

The ferrous sulfate heptahydrate (FeSO,°7H,0) was a reagent-grade product. On
analysis, it was found to have an Fe:S0,:H,0 ratio of 1.000:0.993:7.04. There was no
detectable trace of ferric iron. Compensation for the slight excess of water was
made in the calorimetric correction procedure. Samples were weighed, individually
double~sealed, and stored in a desiccator until used.

Calcium Oxide

Reagent—-grade CaCO3 of very high purity was roasted overnight at 970° C to pro-
vide the calcium oxide (Ca0) for each determination.

3Underlined numbers in parentheses refer to items in the 1list of references at
the end of this report.



Hedenbergite

Analysis

The hedenbergite. [(Cao 9516 )(Mgo 3583Fe +0 ?13‘+Fe 0. 09341’[‘[\0 1366)(81206)] used
in this study was crystalline material, with crystals commonly 1 to 2 cm across, and

a few large clusters 3 to 5 cm across. This material was collected at the Laxey
Mine, South Mountain, ID. Some crystals showed evidence of surface alteration, prob-
ably weathering. Some particles showing surface alteration remained in spite of very
careful selection. Only hedenbergite was detected by X-ray analysis, and the struc~
ture pattern matched that given on PDF card 16-701.

The chemical analysis, presented in table 1, was made at the Branch of Analyti~
cal Laboratories, U.S. Geological Survey, Menlo Park CA.

Formula

The formula for hedenbergite and the formula weight were calculated from the
chemical analysis using the anion-based hydrogen—equivalent method. This method for
deriving the number of lons per mineral formula consists of calculating the ratios of
hydrogen equivalents of the analyzed constituents and normalizing these values to the
ideal sum of anions per unit formula. A detalled description for the calculations
for this technique is given by Jackson (l1). This procedure was described earlier by
Miser (1l4) and Stevens (20-21) and more recently by Goff (8).

TABLE 1. - Analysis of hedenbergite®

Compoéition Ions in extended| Formula Substitution Adjusted formula
Oxides wt pet formula wt, g Charge® site Ions wt, g
510, 0000000 49.18 2.0042 56.289 | 8.0170 Fe,0, 2.000 56.171
A0 euneen .37 .0178 .480 | .0534 Fe,0,
PyOgereennns .05 .0017 .053 | .0086 Fe,0,
F8203....... 2.19 0672 3.753 .2015 0934 5.216
| =11 PPN 20.93 7134 39.841 1.4265 <7134 39.841
MnO..evinnns 3.96 . 1366 7.504 .2733 1366 7.504
Mg0eerennnns .96 .0583 1.417 | .1165 .0583 1.417
CgD......... 21.67 .9462 37.924 | 1.8923 L9516 38.140
Na,0.euvvnes ‘ .13 .0103 .237 | .0103 Ca
K20 ........ ' 01 .0005 .019 . 0005 Ca
SH 0% . .16
HO0 e .46
Oesvonvsrnce 6,000 95.996 95,996
Total.s... 100.07 NAp 243.513 | NAp NAp NAp 244,285
NAp Not applicable. 3Bound water.

}Analyst: Sarah T. Neil, chemist, U.S. Geological Survey, Menlo Park, CA. *Hygroscopic water. Total
2fquivalents per formula. water calculated out.



It is necessary to make several assumptions in the construction of this formula.
Following Jackson (11) and Sommerfeld (19), it is assumed that all of the anion posi-
tions in the mineral structure are filled and that the charges in the mineral are
balanced. Jackson has pointed out that under these assumptions, cation deficiencies
may be due to vacant cation positions or analytical errors, and further, that if the
type formula for the mineral is correctly chosen, any calculated excess of cations
may be due to only analytical error. For the purposes of this study, the chemical
analysis is considered to be absolutely accurate; consequently, information is shown
in the necessary detail and completeness for recalculation.

The number of atoms of the individual elements in the extended formula was used
in computing the formula weight, the total of which provides the gram formula weight
of the natural mineral. The grouping of ions into particular positions follows the
example of Deer (6). The numbers of ions, even though unrealistic, were carried
without rounding to maintain internal consistency.

The number of ions in the extended formula does not provide a practical composi-
tion; consequently, it was adjusted by substituting the impurity elements into the
most likely sites. The deviations 1in each structural position represent the differ-
ence between the i1deal stoichiometry and the sum of ions substituted per structural
site. The positions, as shown under the column marked "Charge" (equivalents per
formula) in table 1, are shown to be almost exactly balanced. The equivalents per
formula for the excess S510,, and the total charge for the Al,03 and P,0; impurities
are added to the ferric iron position, then divided by the valence of ferric iron to
provide the total number of lons in this position in the adjusted formula.

The adjusted formula weight for each structural position provides the total ad~
justed formula weight. The construction necessary to develop the adjusted formula
and formula weight requires that corresponding heat corrections be made. The heat of
solution corrections for cation substitutions and impurities were made by treating
the impurity elements as substituted into the most likely major element sites, as
previously described. The energy difference is that calculated between the quantity
of the major element that has been displaced by an equal quantity of the proxying
element, and was computed from the respective heats of solution values of their
oxides, determined under similar conditions. The corrections applied were the net
energy differences for the specific number of lons in a particular structure posi~

tion.

The thermal correction required by the change in gram formula weight was applied
by scaling the heat of solution value for the natural mineral to the adjusted gram
formula weight. This was done assuming that the vacancy sites are uniformly distri-
buted, that the added ions are completely bonded in the structure, and that the heat
of solution of the natural mineral is more suitable than a thermal adjustment based
on the separate heats of solution of the deficient or excess oxides.

The values for the thermal corrections and sequence of application of the cor-
rectlions are given in detall under the reaction description for the mineral, reaction

9, in the hedenbergite reaction scheme, table 2. The heat of solution values were
determined and calculated for the formula weight of the natural mineral, and the
corrections were then applied.



EXPERIMENTAL DETERMINATIONS

Heats of Solution at 298.15 K

The heat of solution of hedenbergite was determined by hydrofluoric acid solu-
tion calorimetry. The apparatus used has been described in earlier publications (1,
12, 24). The solvent used was 948.7 g of 20.1 wt pct hydrofluoric acid to which
approximately 0.60 g K,Cr;0; was added. The quantities of all reaction substances
were stoichiometric with 0.601 g of alpha-quartz, which, when substituted into reac-~
tion 1, table 2, provides the stoichiometric molar proportions of all succeeding
reactions.

Weighed amounts of solid or liquid substances to be dissolved were placed in
paraffin-sealed Teflon" fluorocarbon polymer tape capsules and dropped at the appro-
priate time, at 25° C, into the calorimeter, which was operated at 73.7° C. Each
measurement resulted from a process of converting the pure reaction substances at 25°
C plus the solvent at 73.7° C to a solution product at 73.7° C. Corrections were
applied for the heat effects of the paraffin, Teflon, and a gold ballast, when used.
Electrical calibrations of the calorimeter were made over the temperature range of
measurements.

TABLE 2. - Reaction scheme for hedenbergite1

AH
Reaction kcal Uncertainty,

tkeal

(1) 28i0, (c) + 12HF(a0l) + 2H,SiF (801) + 4H,0(801)ev.uuveernnsoeeeeensanneess| ~65.818 0.010

(2) 0.6551H,0(L) > 0.655TH,0(801) eeerrrurnnereanssnnsesesassniosesssanesanssnns .538 .001

(3) 0.1366Mn0(c) + 0.2732H*(s0l) + 0.1366 Mn**(aol) + 0.1366H,0(801)¢esuuvrenes| =6.442 .002

(4) 0.0467Fe,0,(c) + 0.2802 H+(sol) + 0.0934Fe’*+(s0l) + 0.1401H,0(801)cvevveees| -1.963 .002

2(5) 0.7134FeS0, *7H,0(c) > 0.7134Fe**(sol) + 0.7134507~(so0l) + 4.99384,0(s0l)...| -14.732 .018

(6) 0.9516Ca0(c) + 1.9032 HF(sol) + 0.9516CaF, (p) + 0.9516H,0(801)seeucursensns| ~52,934 .019

(7) 0.0583Mg(0H), (c) + 0.1166HF (sol) + 0.0583MgF, (p) + 0.1166H,0(s01)ceeuuveens| =1.077 .007

(8) 0.7134H, 0, *7TH,0() + 1.4268H*(s0l) + 0.7134507~(s0l) + 4.9938H,0(s0l).....| 4.584 .016

#(9) (Cayegyyq) Moy g55F®*yer15, % cgg3y My vy 66 ) (SE,04)(e)

+ 14.01984F (sol) + 1.9802 H*(sol) + 0.9516CaF, (p) + 0.0583MgF, (p)

+ 0.8068Fe’*(s0l) + 0.1366Mn**(sol) + 2, SiF (801) + 6H,0(s0l)eevvrensss|®-148.74 .400

AHl°= AHI + AH2 + AH3 + AH“ + AHs + AH6 + AH7 - AHa - AH9

(10) 25i0, (c) + 0.0467Fe,0,(c) + 0.7134FeSD, *7H,0(c) + 0.9516Ca0(c) + 0.0583Mg(0H), (c) + 0.1366Mn0(c)
+ 0.655M,008) * (Cay 5,6 )(Mdy o505Fe” %) 7134 F Yy 0034y 15660 (51,)(0; )(e) + 0.71344, S0, - 7H,0()

AH, . = 1.728%0,401 kecal

10

'For reactions 1-9 introduced reactants are at 25° C and reaction products are at 73.7° C. .
2Ferroua iron is oxidized in solution to ferric,which is equally balanced and cancelled in reaction 9.

3Corrected value.
NOTE.~--Symbols ¢, £, g, sol, and p in parentheses denote substances that are crystalline, liquid,

gas, in solution, or crystalline precipitate, respectively, in all reactions.

“Reference to specific brand names or manufacturers 1s made for identification
only and does not imply endorsement by the Bureau of Mines.



|
!
:

Throughout this report, uncertainties were assigned to measured and derived heat
values as follows: (1) When several individual heat values were measured for a reac-

tion, the precision uncertainty was taken as 2/24% /n(n 1), where Ld? is the sum of

the squares of the deviations from the mean value and n is the number of determina-
tions; (2) when the heats of two or more reactions were added, the uncertainty was
taken as the square root of the sum of the squares of the uncertainties for the
individual reactions. These procedures followed the recommendations of Rossini and

Deming (lg).

All energy units are expressed in terms of the defined thermochemical calorie
(1 cal = 4.1840 J). All weighings were corrected to vacuum, and molecular weights
are 1in accordance with the 1979 table of atomic weights (10). Final values are
rounded to 10 cal. All calibrations are traceable to the National Bureau of Stan-
dards (NBS), and sample temperatures are based on the International Practical Temper-
ature Scale of 1968 (IPTS-68) (3).

The reaction scheme for the solution calorimetric investigation is given in
table 2. The symbols ¢, 4, g, sol, and p in parentheses are used to denote substan-
ces that are crystalline, liquid, gas, in solution, or crystalline precipitate, res-
pectively. The reactions are written in an abbreviated form sufficient to show that
stoichiometry was maintained to permit cancellation of the reaction products. The
table also contains the mean measured heat values and thelr precision uncertainties.

The experimentally determined heat of solution data together with the mean
values and the precision uncertainties are listed in table 3. The data for reaction
7, the dissolution of Mg(OH), (brucite), was previously determined (2) under nearly
identical conditions, and the mean value of -18.479%0.12 kcal/mol was adopted direct-
ly.

Reaction 9 represents the heat of solution of the mineral hedenbergite in the
solution following reaction 8. The mean value of seven determinations is -147.595%
0.205 kcal as shown in table 3. This value is for the original mineral with the gram
formula welght and composition represented by the extended formula in table 1. The
thermal correction for hygroscopic water (Hp07, 0.062 kcal), the correction for bound
water (H30 0.034 kcal) as thermally equivalent to ice, the correction for the weight

TABLE 3. - Experimental heats of solution, kcal/mol

[(Cao gsxa}(Mgo -0583
07138 ol 0+0934

510, , H,0, MnO, Fe, 0y, Fes, ~7H,0, Ca0, H, 53, *7TH, 0, M"o.;ar,a)(&z s 1,
reaction 1 | reaction 2 | reaction 3 | reaction 4 reaction 5 reaction 6 | reaction 8 reaction 9
-32.904 +0.822 =47.171 ~42.005 -20. 649 ~55,615 +6.407 ~147.656
-32.913 .821 -47.168 -42.029 ~20. 646 -55.603 6.400 ~147.780
~32.916 .821 -47.151 -42.114 ~-20.645 -55.661 6.467 -147,185
-32.908 .820 -47.129 -42.111 -20. 604 ~55.634 6.462 -147.624
-32,905 .819 ~-47.190 -41.944 ~20. 696 -55.618 6.423 -147.847
.821 -47.138 -81.936 -20.693 6.430 ~147.825
~-42.046 -20.620 6.396 -147.251

-42,027

~32.909 +0.821 ~-47.158 ~-42.026 -20.650 ~-55.626 +6.426 -147.595
*.005 *.001 *.018 *,047 t,026 *.020 *,022 *.,205




percentage of total water, and the net correction for total impurities (0.348 kcal)
were made, which gives the corrected heat of solution (~148.270 kcal) for the extend~-
ed formula weight. This value was then corrected to the adjusted gram formula
weight, providing a final value of -148.74 kecal. This final heat of solution value
(~148.74%0.40 kcal) contains an allowance for the uncertainties correction procedure.

The final solution after conducting reactions 1 through 7 sequentially in the
original charge of acid was identical to the solution obtained after conducting reac~
tions 8 and 9 sequentially in another charge of acid containing an equal amount of
KoCry07. The heat of solution values were substituted into the reaction scheme and
combined according to

AHIO = AHI + AHZ + AH3 + AHL} + AHS + AHS + ISH? - AHg - &HQ = +1,728%0.401 kcal,
to obtain the enthalpy change for reaction 10.

Standard Enthalpy of Formation

The calculation of the standard enthalpy of formation for hedenbergite, requires
additional data from the literature. All of the necessary data for the elements and
oxides are taken from Pankratz (l7), the data for FeS0,*7H,0 are from DeKock (7), and
the data for HyS0,°7H70 are taken from Wagman (25). These values, with their preci-
sion uncertainties, are listed in reactions 11 through 20, table 4.

TABLE 4. - Enthalpy of formation of hedenbergite

iﬁH29 6? Uncertainty, Refer-

Reaction keal/mol *keal ence
(1) Sie) + 0,(g) * S10,(C)euesrernnaannenssarinssoscssssanssacesannaes| =217.720 0.34 17
(12) Me) + 1/2 0,(g) * MnO(C)esusrunersennosennasnransnns N I 7 1 .30 17
(13) Cale) + 1/2 0,(g) * Cal(C)eeeuerrrenrnensiernoasnecsnassncranesaoes| =151.79 .3 17
(14) ZFele) +11/2 0,(g) * Feu0,(C)euirenseereeninrnecanecnnsrnoesaaes| =197.0 .3 17
(15) Fele) + S(rh) + 11/2 0,(g) + TH,(g) * Fe&]‘*'mzﬂ(c)... ......... vaes| =720.44 14 7
(16) Mglc) + 1/2 0,(g) * MGO(C)evrsnrnrnrnrnsararscecrssasaannss veeenees| =143.76 .1 17
(17) Mg(e) + 0,{g) + H,{g) * Mg(OH), (Cleeruennenrnrannnsnnns Ciereseneans -221,100 .2 13
(18) 1/2.0,(g) + Hy(g) * Hy0(R)uuvarinieniornsnnscoansssssnnnosansinnans| =68.315 .010 17
(19)  S(rh) + 11/2 0,{(g) + BH,(g) * H, 90, *TH,0(8 ) eeverreennannrnnneensas| -687.663 .170 25
(20) Fe(e) + 1/2 0,(g) * FeO(C)eeverrvacerusreersossnransnsrssnsssssoes| =-65.00 .30 17

AH,,

(21)  25i(c) + 0.1366Mn(c) + 0.9516Ca(c) + 0.8068Fe(c) + 0.0583Mg(c) + 3 0,(g)
+ Caqy .9516Mgo.osasFea+o.?13&F93+o.0934mo.1sssSizos (c)

AH, = -680.960%0.855 kcal/mol

= MMy, + 2AH,, + 0.13660H,, + 0.9516AH , + 0.0467AH,, + 0.7134AH . + 0.0583AH , + 0.6551AH , - 0.71340H,

My, = AH , + 0.7136AH,, + 0.0583AH, - 0.7138AH,, - 0.0583AH,, + 0.6551AH,, - 0.7134AH,,

22 10

(22) 28i0,(c) + 0.1366Mn0(c) + 0.9516Ca0{c) + 0.0467Fe,0, (c) + 0.7134Fel(c) + 0.0583Mg0(c)

24 34
->
Cay.9516M30.058378 To 715472 Yo L0034 M5 1366 51,06 (€)

AH,, = -24.548£0.485 kecal/mol




The standard enthalpy of formation for hedenbergite was derived from a
selection of these reactions and heats according to the scheme

AHpyy = AHjg + 20Hp; + 0.1366AH;, + 0.9516AH;5 + 0.0467AH,

= A

10
+ 0.7134AH15 + 0.05834H;, + 0.6551AH18 - 0.7134AH19,
from which ‘it follows that

2S8i(c) + 0.1366Mn(c) + 0.92&6Ca(c) + 0.8068Fe(c) + 0.0583Mg(c) + 3 Oz(g)
> Cag _9516M80 ,0583Fe? 7134 Fe3 ) g93uMng 136651206 (c),

for which
AHf§98 = -680.958+0.855 kcal/mol.

The enthalpy of formation for hedenbergite from the constituent oxides may be
derived by a combination of selected reactions and enthalpy changes, according to the
scheme

- 0. 0583AH16 + 0. 6551AH18 - 0. 7134AH19,

from which it follows that

25i05(c) + 0.1366MnO(c) + O. 9516Ca0(c) + 0.0467Fe,03(c) + 0.7134Fe0(c)
+ 0.0583Mg0(c) > Cag 9516M80 ,0583Fe” ¥y 7134Fe g go3uMng 136651206 (),

for which
AHSgg (from oxides) = -24.548%0.485 kcal/mol.

Low-Temperature Thermal Properties

The heat capacity of hedenbergite was measured by adiabatic calorimetry over the
temperature range 12.3 to 300.1 K. Design data and operational details of this calo-
rimeter have been described elsewhere (3, 22).

The hedenbergite sample for low-temperature measurements was dried overnight at
383 K before loading into a 90-mL copper calorimeter vessel. Prior to sealing, the
loaded calorimeter vessel was evacuated and backfilled with about 1.9x10™3 mol of
helium gas to enhance thermal conductivity. A hedenbergite sample of 141.3916 g was
used for heat capacity measurements.

The experimental heat capacity values -are listed chronologically in table 5 and
shown in figure 1. The values for heat capacity and related functions at even temp-
eratures were obtained by computer-smoothing the experimental data, and the resulting
values are given in table 6. The heat capacity below 12 K was determined by graphi-
cal extrapolation using a C_/T-versus-T2 plot. The overall uncertainty of the tabu-
lated smooth heat capacities varied with temperature and was estimated as %2 pct for
5 to 15 K, #1 pct for 15 to 50 K, *0.2 pct for 50 to 200 K, and *0.1 pct for 200 to
300 K. Some of the tabulated data are reported to greater resolution only for con-
venience of rounding.

A second-order transition was observed over the range of approximately 17 to
31 K with a peak temperature of 26.5 K as shown in figure 2. No other transitions

were observed.



TABLE 5. - Experimental low-temperature heat capacities of hedenbergite

Cp®, Cp°, Cp®,
T, K cal/mol* T, K cal/mol<K T, K cal/mol K
SERIES I SERIES 1V SERIES V
12,33 0.711 25.78 2.989 34,49 3.031
13.64 .835 26.04 3,042 37.59 3.385
15.14 1.004 26.29 3.076 40.93 3.812
16.74 1.210 26.55 3.071 44.56 4.342
18.25 1,449 26.81 3.069 48.52 4,980
19.54 1.662 27.07 3.069 52.83 5.734
20.65 1.872 27.33 3.058 57.55 6.585
21.65 2.087 27.59 3,039 62.73 7.582
22.54 2.291 27.85 2.989 122.79 19.644
23.35 2. 460 28.11 2.958 129.52 20.862
24.10 2.646 28.38 2.911 139.39 22.614
24.80 2.810 28.64 2.892 149.18 24,243
28.90 2.871 158.71 25.768
SERIES I 29.33 2.823 167.82 27.156
29.94 2.792 176.59 28.456
19.02 1.569 30.54 2.771 185,08 29.612
20.21 1.787 31.13 2.7 193,31 30.693
21.24 1.993 31.72 2.796 201.33 31.741
22.16 2.193 32.29 2.809 209.16 32.721
23.00 2.398 32.84 2.890 216.81 33.627
23,78 2.570 33.39 2.925 224.31 34,464
24.50 2,732 46,92 4.713 231.67 35.299
25.18 2.878 50. 54 5.330 238.90 36.080
25.82 2.987 55,09 6.133 245,99 36.821
26.19 3.061 60.02 7.065 253,03 37.492
65.44 8.121 259.98 38,180
FRIES 111 71.38 9.326 266.85 38.830
77.92 10.669 273.64 39.474
24.97 2.852 85.13 12.162 280,36 40.027
25,22 2.872 93.06 13,793 287.00 40.598
25.47 2.947 101.80 15.571 293.57 41,153
25.73 2.995 111.16 17.421 300.09 41.630
25.98 3.022 120.75 19.266
26.24 3,057 130.45 21.044
26.50 3.058 140.24 22.762
26.75 3.069
27.01 3,069
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FIGURE 1. - Low-temperature heat capacities of hedenbergite.
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TABLE 6. - Thermodynamic functions of hedenbergite

cp®, $°(1)-5°(0), -[g°(T)-H* (03 I/7, HO(T)-H"(D),

T, K cal/mole K cal/moleK cal/mol«K kcal/mol
12 0.680 0.504 0.218 0.003
15 .986 .687 .293 .006
20 1.747 1.066 437 .013
25 2.845 1.571 611 .024
26 3.029 1.686 .650 .027
132 2.815 2.289 .904 .044
35 3.080 2.553 1.034 .053
40 3,682 3,002 1.252 .070
45 4.413 3,477 1.472 .090
50 5.231 3,983 1.698 114
60 7.053 5.095 2.169 175
70 9.045 6.330 2.674 .256
80 11.103 7.672 3,214 .357
90 13.167 9.099 3.788 478
100 15.206 10.592 4.393 .620
110 17.195 12,135 5.027 .782
120 19.117 13.714 5.685 .964
130 20.961 15.318 6.364 1.164
140 22.720 16.936 7.061 1.382
150 24,394 18.561 7.773 1.618
160 25,983 20.186 8.499 1.870
170 27.490 21.807 9.234 2.137
180 28.920 23.419 9.977 2.420
190 30.280 25.020 10.727 2.716
200 31.573 26.606 11.481 3,025
210 32.807 28.177 12,239 3,347
220 33,984 29.730 12.999 3.681
230 35.110 31,266 13.760 4.027
240 36.186 32.783 14,521 4.383
250 37.214 34.281 15.281 4,750
260 38.196 35,760 16.040 5.127
270 39,129 37.219 16.798 5.514
273.15 39.413 37.675 17.036 5.637
280 40.014 38.658 17.553 5.909
290 40.848 40,077 18.305 6.314
298.15 41.491 41.218 18.916 6.649
300 41,690 41,475 19.054 6.726
400 47.619 54.315 26.306 11.203
500 52.046 65.447 33,046 16.201
600 54,814 75.205 39.277 21.557
700 56.284 83.778 45.035 27.120
80D 56,999 91.346 50.360 32.788
900 57.423 98.085 55,295 38.511
1,000 57.801 104.155 59.883 44,272
1,100 58.152 109. 681 64.163 50.070
1,200 58.375 114,751 68.170 55.898

19d~order transition.

11
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High—~Temperature Thermal Determinations

The heat capacity of hedenbergite was measured with a differential scanning cal-
orimeter (DSC) over the temperature range 397 to 1,147 K. The DSC was a model
TA2000C manufactured by the Mettler Corp. and has a nominal operating range of 298 to

1,473 K.

A 0.10726~g sample of hedenbergite was loaded into a 0.47047-g platinum capsule,
and both the full capsule and an empty reference capsule were placed in the DSC. The
DSC chamber was evacuated and filled with argon, and operated at a scan rate of 10
K/min in 50-K steps from 322 to 1,172 K. The heat capacity measurements were discon-
tinued above 1,173 K in order to avoid decomposition to Ca$i0O3, tridymite, and oli-
vine as reported by Bowen (4). The collected data were analyzed according to the
"enthalpy method,” as described by Mraw (15). The accuracy of the DSC was determined
by measuring the heat capacity of Mg0 and comparing the measured values to accepted
values from Pankratz (17). The uncertainties of the heat capacities are *3 pct from
298 to 700 K and *2 pct from 700 to 1,473 K.

The experimental heat capacities, shown 1in table 7 and figure 3, were fit to a
polynomial by least squares and joined smoothly to the low-temperature values. The
smooth values along with the related functions are shown in table 6.

Thermodynamic Properties of Hedenbergite

The experimentally determined thermal data for hedenbergite, the enthalpy of
formation, low-temperature heat capacity, and high-temperature thermal data, may be
combined with the necessary data for the constituent elements and oxides for the
calculation of the enthalpies, Gibbs energies of formation, and other relevant prop-
erties as a function of temperature. The thermodynamic properties for the formation
of hedenbergite from the elements and oxides are presented in tables 8 and 9, respec-
tively. Hedenbergite is shown to be stable throughout the range of the data.

DISCUSSION

The mineral hedenbergite 1is closely similar to iron-refining slags in both
structure and composition. The specimen used in this study shows the characteristic
presence of manganese but with a fairly low concentration of magnesium. An excellent

review is presented by Deer (6).

There were mno experimentally determined thermodynamic data for hedenbergite
found in the literature; values from other experimental work have been calculated,

TABLE 7. - Experimental high-tempsrature heat capacities of hedenbergite

Cp*, Cp®, cp®,
T, K cal/mol-K T, K cal/mol-K T, K cal/mol°K
397 46.36 697 56.38 997 58.10
447 51.00 747 56.66 1,047 57.33
497 52.09 797 55.78 1,097 57.96
547 53.40 847 57.12 1,147 58.11
597 54.64 897 58.20
647 55.84 947 58,29
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TABLE 8. - Standard formation data for hedenbergite, reaction

[0.9516Calc,2,g) + 0.058Mg(c,%,g) + 0.8068Fe(c,L) + 0.1366Mn{c,%)

+ 281(e,) + 3 0,(g) = Cay,0516MI0.0553 C0.0006M0.1366 51205 1(e)

15

cal/mol<K keal/mol
T, K Log Kf
Cp® 8 [~(8%= Hip /T H- Ho AHF® AGF®

298.15 41.491 41,218 41.218 g -680,960 -641.897 470.517
300 41.690 41.475 41.218 077 -680.962 -641.653 467.438
400 47.619 54.315 42,930 4.554 -680, 844 ~628.564 343.427
500 52.046 65.447 46,343 9.552 ~-680.426 -615.534 269.046
600 54.814 75.205 50.358 14.908 -679,865 ~-602,607 219.497
700 56.284 83,778 54.534 20.471 -679.303 ~589.,782 184,136
1720 56.427 85.366 55.368 21.598 -679.202 -587.223 178.244
720 56.427 85.366 55,368 21.598 -679.411 -587.220 178.243
800 56.999 91.346 58,672 26.139 ~679,010 -576,999 157.627
900 57.423 98.085 62.683 31.862 -678.676 -564.253 137.018
2922 57.506 99.473 63.544 33.126 -678.639 -561.457 133.085
922 57.506 99.473 63.544 33.126 -678.764 ~561.457 133.085
3980 57.725 102.988 65.776 36.468 -678.741 ~-554.080 123.564
980 57.725 102.988 65.776 36.468 -678.814 -554, 080 123.564
1000 57.801 104.155 66.532 37.623 -678.834 -551.53% 120,536
*1,043 57.952 106.592 68.134 40.112 -678.962 -546.059 114.420
1,100 58.152 109.681 70.207 43.421 -679.049 -538. 804 107.049
51,112 58.179 110.312 70.637 44.119 -679.060 -537.282 105.595
1,112 58.179 110.312 70.637 44,119 ~681.001 -537.276 105.594
1,185 58.342 114.017 73.195 48.374 -680.763 -527.852 97.351
1,185 58.342 114.017 73.195 48,374 -680.936 ~527.852 97.351
1,200 58.375 114.751 73.710 49.249 ~-680.863 -525.916 95,781

'a-B transition of Ca.
ZMelting point of Mg.

%0-8 transition of Mn.
*Curie temperature of Fe.

*Melting point of Ca.
Sq-y transition of Fe.
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TABLE 9. - Formation data for hedenbergite from the oxides, reaction
[2si0, (qtz) + 0.1366Mn0(c) + 0.9516Ca0(c) + 0.0467Fe, 0, (c)
+ 0.7134Fe0(c) + 0.0583Mg0(c)

= Cay .9516M00.050578 "0 723478 %0034 Mg 1566 51,05 (0)]
4
.‘! cal/mol’K kcal/mol
T, K Log Kf
cp® 5 (6% W, /T | M- W, AW AG®
l 298.15 41.491 41.218 41.218 0 -24.548 -24.220 17.753
& 300 41.690 41.475 41.218 .077 -24.550 -24,219 17.643
u 400 47.619 54.315 42.930 4.554 -24.644 -24.095 13.165
500 52.046 65.447 46.343 9.552 ~24.701 -23.948 10.468
600 54.814 75.205 50.358 14.908 -24.747 -23.793 8.667
700 56.284 83.778 54,534 20.471 -24.866 -23.627 7.377
800 56.999 91.346 58.672 26.139 -25.169 -23.,432 6.401
tg47 57.198 94.606 60.577 28.823 -25.505 -23.318 6.017
847 57.198 94.606 60.577 28.823 -25.855 ~23.317 6.016
900 57.423 98.085 62.683 31.862 -25.970 -23,156 5.623
2960 57.650 101.799 65.013 35.314 -26.116 ~-22.963 5.227
960 57.650 101.799 65.013 35.314 -26.116 -22.963 5.227
1,000 57.801 104.155 66.532 37.623 -26.196 -22.829 4.989
1,100 58.152 109.681 70.207 43.421 -26.403 ~22.485 4,467
1,200 58.375 114.751 73.710 49,249 -26.624 -22.118 4.028

Y-8 transition of Sig, .

*Curie temperature of Fe,0,.
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however. Taylor and Liou (23) present an entropy value (Sjgg = 40.1 cal/mol*K) and
a mean standard enthalpy of formation value (8Hf;gqgq = -678.15 kcal/mol). Yakovlev
(26) also presents a calculated enthalpy value (AH3gg = =-677.508 kcal/mol).
Navrotsky (16) calculated a standard Gibbs energy of formation value (4G°® = -25.8%*1.5
kcal/mol) from high-temperature data on the oxide components. All of these calcu~
lated values pertain to the ideal formula (CaFeSi,0g) and are in substantial agree-
ment with the results reported here.



18

REFERENCES

1. Bennington, K. 0., M. J. Ferrante, and J. M. Stuve. Thermodynamic Proper-
ties of Two Lithium Silicates (Li;Si03 and Li,Si,05). BuMines RI 8187, 1976, 19 pp.

2. . Thermodynamic Data on the Amphibole Asbestos Minerals Amosite and

Crocidolite. BuMines RI 8265, 1978, 30 pp.

3. Beyer, R. P., M. J. Ferrante, and R. V. Mrazek. An Automated Calorimeter
for Heat Capacity Measurement From 5 to 300 K. The Heat Capacity of Cadmium Sul-
fide From 4.8 to 301.8, and the Relative Enthalpy to 1200 K. J. Chem. Thermodyn.,

v. 15, 1983, pp. 827-834.

4. Bowen, N. L., J. F. Schaierer, and E. Posnjak. The System Ca0O-Fe0O-SiO, .
Am. J. Sci., v. 26, 1933, pp. 193-284.

5. Comité International des Poids et Mesures (The International Committee on
Weights and Measures). The International Practical Temperature Scale of 1968.
Metrologia, v. 5, 1969, pp. 35-44.

6. Deer, W. A., R. A. Howie, and J. Zussman. Rock Forming Minerals. Single
Chain Silicates. Wiley, v. 2A, 2d ed., 1978, 668 pp.

7. DeKock, C. W. Thermodynamic Properties of Selected Transition Metal Sul-
fates and Their Hydrates. BuMines IC 8910, 1982, 45 pp.

8. Goff, F. E., and G. K. Czamanske. Calculation of Amphibole Structural
Formula. U.S. Geol. Surv. Computer Contribution, 1971, pp. 1-1l4; available from
Geol. Div., U.S. Geol. Serv., Menlo Park, CA.

9. International Centre for Diffraction Data (Swarthmore, PA). Powder Dif-
fraction File. Publ. SME-28, 1978.

10. International Union of Pure and Applied Chemistry, Inorganic Chemistry
Division, Commission on Atomic Weights and Isotopic Abundances. Atomic Weights of
the Elements, 1979. Pure and Appl. Chem., v. 52, 1980, pp. 2349-2384.

11. Jackson, E. D., R. E. Stevens, and R. W. Bowen. A Computer-Based Proce-
dure for Deriving Mineral Formulas From Mineral Analyses. U.S. Geol. Surv. Prof.
Paper 575-C, 1967, pp. C23-C31l.

12. King, E. G. Heats of Formation of Crystalline Calcium Orthosilicate, Tri-
calcium Silicate and Zinc Orthosilicate. J. Am. Chem. Soc., v. 73, 1951, pp. 656-

658.

13. King, E. G., M. J. Ferrante, and L. B. Pankratz. Thermodynamic Data for
Mg(OH), (Brucite). BuMines RI 8041, 1975, 13 pp.

14, Miser, H. D., and R. E. Stevens. Taoeniolite From Magnet Cove, Arkansas.
Am. Mineral., v. 23, 1938, pp. 104-110.

15. Mraw, S. C., and D. F. Naas. The Measurement of Accurate Heat Capacities
by Differential Scanning Calorimetry. Comparison of D.S.C. Results on Pyrite (100
to 800 K) With Literature Values From Precision Adiabatic Calorimetry. J. Chem.
Thermodyn., v. 11, 1979, pp. 567-584.



19

16. Navrotsky, A., and W. E. Coons. Thermochemistry of Some Pyroxenes and
Related Compounds. Geochim. et Cosmochim. Acta, v. 40, 1976, pp. 1281-1288.

17. Pankratz, L. B. Thermodynamic Properties of Elements and Oxides. BuMines
B 672, 1982, 509 pp.

18. Rossini, F. D., and W. E. Deming. The Assignment of Uncertainties to the
Data of Chemistry and Physics, With Specific Recommendations for Thermochemistry.

J. Wash. Acad. Sci., v. 29, 1939, pp. 416-441.

19. Sommerfeld, R. A. A Critical Evaluation of the Heats of Formation of Zois-
ite, Muscovite, Anorthite, and Orthoclase. J. Geol., v. 75, No. 4, 1967, pp. 477-
487.

20. Stevens, R. E. A System For Calculating Analyses of Micas and Related
Minerals to End Members. Sec. in Contributions to Geochemistry, 1942-1945, U.S.

Geol. Surv. Bull. 950, 1945, pp. 101-119.

21. + New Analyses of Lepidolite and Their Interpretation. Am. Mineral.,
v. 23, 1938, pp. 607-628.

22. Stuve, J. M., D. W. Richardson, and E. G. King. Low-Temperature Heat Capa-
cities and Enthalpy of Formation of Copper Oxysulfate. BuMines RI 8045, 1975, 18

PP

23. Taylor, B. E., and J. G. Liou. The Low-Temperature Stability of Andradite
in C-0-H Fluids. Am. Mineral., v. 63, 1978, pp. 378-393.

24. Torgeson, D. R., and T. B. Sahama. A Hydrofluoric Acid Solution Calorim-
eter and the Determination of the Heats of Formation of Mg,S5i0,, MgSiO3, and CaSiOj3.
J. Am. Chem. Soc., v. 70, 1948, pp. 2156-2160.

25. Wagman, D. D., W. H. Evans, V. B. Parker, I. Halow, S. M. Bailey, and R. H.
Schumm. Selected Values of Chemical Thermodynamic Properties. NBS Tech. Note 270-

3, 1968, 264 pp.

26. Yakovlev, B. G. (Dependence of Solvus Hedenbergite + Ferrosilite on Temper-
ature and Pressure.) Geokhimiya, No. 6, 1979, pp. 861-868 (Engl. abstr.).

INT.BU.OF MINES,P GH.,P A, 27462



